• An inversion study shows the fault gouge permeability can be best estimated with pressure transient data.
Pressure transient analysis during CO 2 push-pull tests into faults for EGS characterization

Introduction
Enhanced geothermal systems (EGS) are engineered geothermal reservoirs that benefit from the ability to control fracturing and fracture flow. For successful EGS, it is essential to characterize faults and fracture networks(both natural and induced) at EGS sites. To achieve this goal, a new methodology has been proposed and evaluated, which uses CO2 push-pull testing to enhance imaging of fractures and faults at EGS sites (Borgia et al., 2015 , Borgia et al., 2017a , Borgia et al., 2017b Oldenburg et al., 2016; . This technique involves (1) injection and withdrawal of CO2into/out of fault/fracture zone, (2) imaging the induced contrast with active seismic and well logging approaches, and (3) characterizing the fault/fracture zone with the complementary data provided by (1) and (2). Natural and induced faults and fractures at EGS sites are difficult to characterize using traditional seismic or well-logging imaging techniques because faults/fractures filled with ambient brine are indistinguishable from surrounding matrix at EGS conditions. Supercritical CO2 injected for the push-pull well testing helps increase seismic contrast because of the high compressibility of CO2, which significantly reduces the stiffness tensor and consequently seismic velocity, electrical contrast because of the low electrical conductivity of CO2 compared to brine, and neutron capture contrast because of the displacement of water. The additional benefit of using CO2 is that CO2 has a strong tendency to flow in faults and fractures due to its non-wetting characteristics. CO2 replaces the formation brine in fault/fractures and effectively increases the contrast in geophysical properties between fault/fractures and matrix while tending to resist dispersing into the matrix. The enhanced contrast in seismic and well logging arising from CO2 saturation can be used to detect and characterize the fault/fracture zone.
In this study, we evaluated the pressure transient analysis during CO2 push-pull to complement active seismic and wireline well logging for EGS characterization. Pressure transient testing is one of the essential tools to explore and monitor subsurface formations, and is used to infer geometric and flow properties as well as multiphase flow conditions. For this study, we developed a discretized model domain with a single dipping fault based on a highly simplified conceptual model of the Desert Peak geothermal field (Borgia et al., 2017a , Borgia et al., 2017b . We used TOUGH2/ECO2N V2.0 (Pruess et al., 2012; to simulate pressure transients during the injection (push period) and withdrawal (pull period) of CO2 into the fault zone. We present here the characteristics of these pressure transients and examine the feasibility and effectiveness of pressure transient data interpretation for EGS characterization.
Geologic setting -Desert Peak geothermal field
The Desert Peak geothermal field is located in the northern Hot Springs Mountains ∼80 km east-northeast of Reno, Nevada, and is within the northwest Great Basin, which is known as one of the most geothermally active regions in the USA. The Desert Peak geothermal field is largely controlled by NNE-striking, WNW-dipping normal faults (Faulds et al., 2004) , and the geothermal field is on the left side of a set of parallel, closely spaced faults in these fault systems. This set of faults is linked by multiple subvertical faults of high fracture density, which are favorable for upward flow of hydrothermal fluids (Faulds et al., 2010) . The reservoir temperature is measured at 207-218 °C (Faulds et al., 2010; Shevenell and De Rocher, 2005) . We used TOUGH2/ECO2N V2.0 (Pruess et al., 2012; ) to develop a model and simulate the two-phase flow of CO2 and water during CO2push-pull injectionwithdrawal. This code is able to simulate two-phase flow in the pressure and temperature range up to 600 bar and 300 °C, respectively, and is therefore appropriate for EGS applications. Here, consistent with the terminology in TOUGH2/ECO2N, a CO2-rich non-wetting phase is referred to as a gas phase. iTOUGH2-PEST (Finsterle, 1993; Finsterle, 2004; Finsterle et al., 2016; Finsterle and Zhang, 2011 ) is used for sensitivity and inverse analysis.
We developed a simplified 2D model including a single fault based on the geologic features of the Desert Peak geothermal field. We adapted and expanded the model domain originally developed by Borgia et al., 2017a , Borgia et al., 2017b to explore the technical feasibility of CO2 push-pull testing for EGS fault/fracture characterization for pressure transient analysis. Similar to the conceptual model of a fault zone from Gudmundsson et al. (2002) , the fault zone in our model consists of a slip plane, fault gouge, and damage zone, and it is bounded by the surrounding country rock. The fault gouge is formed during fault slip, and this crushed rock primarily consists of breccia and other clay-size particles. The gouge may include one or multiple thin slip planes, which are characterized by finer particles, polished surfaces and striations. In general, slip planes and fault gouges have higher permeabilities than the other rock types. The damage zone refers to the fractured rock developed at the outer boundary of the fault gouge during fault −slip events and extends into the unfaulted country rock.
The fault gouge, damage zone, and country rock matrix have distinct fluidflow properties (i.e., permeability and porosity), and such differences are taken into account in our model (see Table 1 ). In our 2D model, the fault gouge is 5 m thick on both sides of the slip plane (10 m total), and the damage zone is 10 m thick on both sides of the fault gouge. The matrix is 200 m thick on both sides of the damage zone, which is sufficiently wide to minimize the effect of the side boundaries. The model takes into account the variable country rocks for the matrix, as color-coded in Fig. 2 . Table   1 shows the hydrological properties of each structure in the model. 
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2. Download full-size image In addition to the hydrological rock properties, Table 1 includes the parameters for multiphase flow. For the slip plane and fault gouge, the van Genuchten (1980) model is used to describe the liquid relative permeability and capillary pressure relations for the two-phase system of CO2 and water. The maximum gas relative permeability (krgmax), which is defined as the relative permeability at the residual water saturation, is known to be typically smaller than unity (Levine et al., 2014) . To take this into account in the fault gouge, where most of the injected CO2 is expected to flow, for gas relative permeability we use the hysteretic form of the van Genuchten model (Lenhard and Parker, 1987) implemented in TOUGH2 (Doughty, 2013) , which allows the user to define the maximum value of the gas relative permeability. In this study, krgmax is set as 0.5. For simplicity, hysteresis itself is turned off and the characteristic curves are the same for CO2 drainage and imbibition. For the damage zone and matrix, where little CO2 is expected to flow, we use the simpler Corey (1954)curves for two-phase relative permeability and the van Genuchten (1980)model for capillary pressure. Fig. 3 shows the characteristic curves of all rock types in the model.
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2. Download full-size image Fig. 3 . Characteristic curves used for modeling slip plane (SLPLN), fault gouge (FLTGG), damage zone (DMGZN), and matrix (MATRX).
Initial and boundary conditions
The initial hydrostatic condition is based on the water table at 30 m below the ground surface. This initial hydrostatic condition is used to calculate the pressure difference ΔP = P − Pi nit, which is the variable used in this study to describe all pressure-related of CO2, respectively. CO2 is injected for 4 days, then fluid comprising a mixture of CO2 and brine is produced for 4 days from the same well. We assume the injected CO2 is preheated to the ambient temperature of the geothermal reservoir. During the push period, the gas saturation at the injection well is set to be 0.99, and during the pull period, it is set to be zero. The injection/withdrawal rates of CO2 and brine are calculated from the flux terms between the injection/withdrawal well and the adjacent fault zone grid blocks. We assume that additional observation wells are available for pressure monitoring and frequent well logging for the purpose of fault characterization, and several potential locations along the fault gouge are considered. Neutron capture cross section measured from well logging is sensitive to CO2 saturation, and therefore can be used to estimate CO2saturation in the fault gouge (Oldenburg et al., 2016) . Here, we assume that CO2 saturation data are available as the result of well logging analysis.
Anticipating buoyancy effects on the CO2 flow, the monitoring wells (MW) are located near the left-hand edge of the fault gouge (i.e., along the hanging wall) and are assumed to be located at 50 m, 100 m, and 200 m above the injection well along the zdirection (MW50m, MW100m, and MW200m). table) . Unlike CO2, which mostly flows upward during the push period, water flows downward except at very early times (∼30 s). On the other hand, during the pull period, the underpressure relative to the initial hydrostatic pressure pulls both CO2 and water back into the well in proportions equal to the local mobility. However, CO2 is no longer produced after about 1.3 × 10 3 s due to buoyancy effects which carry CO2 upward and out of the capture zone of the producing well; altogether only 1.7% of the injected CO2 is recovered. Water flow is reversed at late times, indicating the pressure above the withdrawal well is temporarily lower than that at the withdrawal well. This will be further discussed in the next section.
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2. Download full-size image 5 shows the spatial distribution of pressure difference (ΔP) and gas saturation during the push and pull periods. During the injection, the pressure pulse quickly propagates through the fault gouge and damage zone, taking only 2 × 10 4 s for the pressure pulse to reach the top model boundary through the fault gouge. The pressure also propagates relatively fast laterally through the andesite-dacitic lavas (see the distribution at the end of the push period at ∼700 m depth), where the permeability is five times greater than that in the other country rock formations. As the fluid withdrawal starts after 4 days of CO2injection, underpressure relative to the initial hydrostatic pressure (i.e., negative ΔP) develops near the well, with the pressure decline most significant in the fault gouge during the pull period.
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2. Download full-size image Fig. 5 . Spatial distribution of pressure change in bar (upper row) and gas saturation (lower row) at 1 h, 1 day, and 4 days of the push and pull periods. Note that the actual grid is rotated clockwise by 30° to make the fault dip 60°; black arrows point in the vertical direction. Note that the range of the x-axis in gas saturation plots is much narrower than that in pressure change plots.
One thing that should be noted is that the maximum ΔP observed during the push period (∼ 0.85 MPa) is higher than ΔPi nj (0.3 MPa), which is most evident at t = 4 day in Fig. 5 . This is due to the effect of a gas column being created in the gouge.
The pressure gradient in the gas column is much smaller than the pressure gradient in a water filled column, due to the much smaller density of gas compared to water. Thus, the pressure at the top of the gas plume is similar to the pressure at the base. This pressure forms the base of the water pressure profile above it in the gouge. As a result, the gouge water pressure becomes elevated. The maximum pressure decrease observed during the pull period is more than ΔPwdraw as well. This is due to buoyancy flow, which keeps pulling the CO2 upward despite the underpressure at the well and consequently leaves a low pressure region in between the withdrawal well and the leading edge of the CO2 plume.
During the push period, the injected CO2 mainly flows upward through the fault gouge, specifically against the hanging wall due to the dipping angle of the fault and buoyancy of CO2. This is because the transmissivity of the gouge is more than two orders of magnitude greater than that of the damage zone and matrix. Only a limited amount of CO2 enters the damage zone because of its lower permeability and higher capillary pressure at the water-CO2 interface. During the pull period, the CO2 plume keeps moving upward, driven by a strong buoyancy force, despite the underpressure at the well. As a result, the leading edge of the CO2 plume has traveled about 1000 m upward in the z-direction by the end of the simulation time (after four days of injection and four days of withdrawal). This explains the low CO2 recovery rate during the pull period. Due to decompression and local pressure increase, the CO2 plume tends to expand in the xdirection as CO2 flows upward; it is most prominent at the end of the pull period.
4.3. Temporal change of pressure difference and gas saturation at selected monitoring locations Fig. 6 shows the temporal variation of pressure transient and gas saturation at the selected monitoring wells. The pressure transient here and thereafter refers to the pressure difference (ΔP) as defined in Section 3.2. The pressure transients at the monitoring wells MW50m, MW100m, and MW200m in general show a similar pattern during the push period. As the CO2 injection starts, the pressure propagates from the injection well and a gradual pressure increase is observed. The pressure increases rather steeply when CO2 reaches the monitoring location, due to decreasing total kinematic mobility, and drops when the CO2 saturation reaches approximately 0.6, at which point the total kinematic mobility rises again according to the relative permeability functions shown in Fig. 3 . Due to the distance from the injection well, the pressure transient increases in consecutive order from MW50m to MW200m. In addition, the injected CO2 decompresses as it rises upward through the hydrostatic pressure of the resident water.
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2. Download full-size image Fig. 6 . Pressure transient (solid) and gas saturation (dash-dot) at MW50m, MW100m, and MW200m during the push and pull periods. As a reference case, a pressure transient with water as an agent for the push-pull test (ΔPw at MW200m) is also shown.
The oscillations observed in the pressure transient during the push period are due to spatial discretization error. When CO2 phase enters a grid block (e.g., CO2 enters the grid block right above the injection well at ∼10 3 sec), the grid block undergoes a transition from a single aqueous phase to a two-phase condition. The liquid relative permeability drops rapidly while the gas relative permeability increases rather slowly (see Fig. 3 ), resulting in a reduction of the total kinematic mobility of the fluid. As the gas saturation increases, the increase in gas relative permeability becomes greater than the decrease in liquid relative permeability. As a result, the total kinematic mobility varies in a parabolic manner as gas phase saturation increases. This pattern repeats every time CO2 enters a new grid block, and pressure data show cyclic variations. The discretization error may not only cause such spurious pressure oscillations but also a systematic deviation from the true pressure transient, and can be minimized by using a finely gridded mesh (Pruess and García, 2002) . This remedy may be conveniently applied for a radial flow problem because a high resolution mesh may only be needed near the injection well. But, it would require a significant increase in the number of cells for the linear flow geometry up the fault for the present problem. Since this study focuses on exploring the potential of pressure transient in fault/fracture characterization, not on calibrating or characterizing a real geothermal site, we view our rather coarse gridding in the z-direction, and the accompanying pressure oscillations, as acceptable.
During the pull period, the pressure transients at MW50m, MW100m, and MW200m decrease after a lag time, which proportionally increases with the distance between the withdrawal well and the monitoring well. The lag time is associated with the pressure diffusion. CO2 will keep flowing upward until the underpressure imposed at the withdrawal well propagates to the monitoring location. For the CO2 push-pull, the lag time is additionally affected by the strong buoyant rise of CO2. The gas saturation at the monitoring locations decreases because CO2 keeps flowing upward and exits the fault zone, not because it is recovered at the withdrawal well.
Note that Fig. 6 includes as a comparison the pressure transient at MW200mwhen water is used as an agent for the push-pull test (ΔPw at MW200m). The discussion regarding the effects of different injection fluids will be presented in Section 7.
Sensitivity analysis
We assess the sensitivity of pressure-transient and gas-saturation data to various model parameters and conditions. In order to compare the sensitivity of two different data types, we calculate scaled sensitivity coefficients, which normalize sensitivity coefficients by the a priori standard deviation of observation and the expected parameter variation. The standard deviations of pressure and gas saturation are 2 × 10 4 Pa and 0.05, respectively, and the initial guess and expected variation of the parameters are shown in Table 2 . To calculate the total scaled sensitivity at each monitoring location, the scaled sensitivity coefficients at 30 discrete times are selected for each push and pull period, which is sufficient to capture the behavior of pressure transient in the log scale, and summed together. 5.1. Permeability Table 3 shows the total scaled sensitivity of pressure transient and gassaturation data to material permeability at MW50m, MW100m, and MW200m. For both the push and pull periods, the pressure transient and gas saturation are most sensitive to the fault gouge permeability. The influence of the damage zone and matrix permeability on the pressure transient is minor, and on the gas saturation is even smaller since CO2 mainly flows through the fault gouge. Among different monitoring locations, the sensitivity is the strongest at MW200m. Thus, unless otherwise stated, we choose this location as our default monitoring well and show the results of this location for all the other analyses in this study. Even though Table 3 indicates that the total scaled sensitivities of pressure transient and gas saturation are similar, the temporal variations of scaled sensitivity are quite different. Fig. 7 shows the scaled sensitivity of the pressure transient and gas saturation during the push period as a function of time. From early times of CO2 injection, the pressure transient shows a significant sensitivity to fault gouge permeability (Fig. 7a) .
On the other hand, the sensitivity of gas saturation (Fig. 7b) is zero until the CO2 plume reaches the monitoring location. Compared to the fast-propagating pressure pulse, the CO2plume migrates much more slowly, so no sensitivity is detected until late in the push period.
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2. Download full-size image Fig. 7 . Temporal variation of the scaled sensitivity to material permeabilities: (a) pressure transient and (b) gas saturation.
To exemplify the impact of material permeability on pressure transient, the pressure transients for different permeability conditions (varying the permeability of one material at a time) are plotted in Fig. 8 . The fault gouge permeability varies over one order of magnitude, whereas the damage zone and matrix permeability differ over two orders of magnitude. However, the fault gouge permeability has the dominant impact on both the speed of the pressure propagation and the magnitude of the pressure buildup. When the damage zone or matrix permeability varies, the overall pressure transient is almost identical, consistent with the low sensitivity of the pressure transient to these permeabilities shown in Table 3 . A noteworthy difference between Figs. 8b and 8c is that the impact of varying the damage zone or matrix permeability is observed at different times. When varying the damage zone permeability, the pressure transients differs mostly from 10 s to 10 3 s. On the other hand, when the matrix permeability is varied, the change in the pressure transient is observed between 10 3 sec and 10 5 sec. This difference is due to the slow pressure propagation through these lower permeability materials. Because the damage zone is closer to the injection well, the impact of the damage zone permeability on the pressure transient is observed earlier than that of the matrix permeability.
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2. Download full-size image Fig. 8 . Pressure transients for different permeability conditions: (a) fault gouge, (b) damage zone, and (c) matrix.
Multiphase flow parameters
To examine the effect of relative permeability and capillary functions on pressure transient and gas saturation data, we assessed the sensitivity to the multiphase flow parameters. Among the parameters used to describe the multiphase flow conditions, the most influential parameters are shown in Fig. 9 , which are van Genuchten parameters for liquid relative permeability and capillary pressure, residual liquid saturation, and capillary strength parameter (λrel p, λpcap, Sl r, and P0). Because these parameters are related to multiphase flow, they start affecting the pressure transient after the CO2 phase appears in the fault gouge. Unlike the material permeabilities, no parameter has a dominant influence on pressure transient and gas saturation. Their influence on the pressure and gas saturation is smaller than the fault gouge permeability, but more significant than the damage zone and matrix permeability.
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2. Download full-size image Fig. 9 . Temporal variation of the scaled sensitivity to multiphase flow parameters: (a) pressure transient and (b) gas saturation.
The multiphase flow parameters are usually unknown at real EGS sites, and therefore it may be inevitable to have large uncertainties in these parameters. To examine the potential impact of the parameter uncertainty, we generated 50 sets of parameter combination using Latin Hypercube Sampling analysis (Zhang and Pinder, 2003) and simulate their impact on the pressure transient and gas saturation. The upper and lower limit of the range for each parameter is assigned to be 50% higher and lower, respectively, than the base value shown in Table 1 sec, when the CO2 phase develops in the fault gouge, indicating that uncertainty in these multiphase flow parameters can significantly impair the accuracy of the fault characterization (i.e., calibrating the fault zone permeabilities). Fig. 10b also shows that both the arrival time of the CO2 plume and the level of gas saturation in the CO2 plume can greatly vary depending on the parameter combination.
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2. Download full-size image seconds. But, the most distinct difference among the cases is observed at late times. While the pressure transient in the base case declines and slowly stabilizes after the leading edge of the CO2 plume passes the monitoring location, the pressure transients in the other two cases bounce back. The pressure buildup is more significant when the top boundary is completely closed than semi-closed. This result shows that the pressure transient analysis can be used to examine the connectivity of faults and fracture networks to overlying hydrologic systems or the surface.
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2. Download full-size image Fig. 11 . Pressure transients for different top boundary conditions. The effect of the side boundary condition is also evaluated. Compared to the base case of a closed side boundary, no difference in the pressure transient at any monitoring wells is observed for an open side boundary. Due to the low hydraulic diffusivity of the matrix, which is three orders of magnitude smaller than that of the fault gouge, the extent and magnitude of the pressure pulse transmitted through the matrix is much smaller than that through the fault gouge (see Fig. 5 ). As a result, the impact of the side boundary on the pressure transient is insignificant.
6. Fault characterization using the inverse modeling of synthetic data Based on the sensitivity analysis result, we attempted fault characterization using synthetic data. The synthetic data for the push period are generated by running a forward simulation of the base case. The frequency of the data collection is denser at early times than at late times so that sufficient data points are available to capture the behavior of the pressure transient at early times on a log scale. Note that the leading edge of the CO2 plume reaches the monitoring well locations at late times (>3 × 10 4 sec, see Fig. 6 ) at which point data are collected every 4 h. For this inverse modeling study, we suppose this logging frequency is feasible.
We assumed that the permeability of the fault gouge, damage zone, and matrix are unknown, and consider two different inversion scenarios: (1) pressure transients only are available for inversion, and (2) both pressure transient and gas saturation data are available. For each scenario, we explore the accuracy of the inversion depending on the location of the monitoring well and the number of parameters to be characterized; we examine all the potential monitoring well locations (MW50m, MW100m, and MW200m) and estimate either only the fault gouge permeability or the permeabilities of the fault gouge, damage zone, and matrix. For all cases, the initial guess for each parameter is 10 Table 4 are in log-space as well. All the other parameters are assumed to be known and error free for simplicity of the analysis. Table 4 ) have no effect on the inversion. This is explained by the low sensitivity of the pressure transient to the permeability of the damage zone and matrix (see Table 3 ). On the other hand, when all the permeabilities are estimated, the accuracy of the estimates is poor. Particularly, at MW100m, and MW200m, the damage zone permeability is estimated higher than the fault gouge permeability, indicating this inversion problem is non-unique and alternative information would be required to constrain the model. The uncertainty of the estimated matrix permeability at MW50m is huge due to the insensitivity of pressure transient to the matrix permeability.
Pressure transient plus saturation data
When only the fault gouge permeability is estimated using the pressure transient and saturation data, the estimated permeabilities are close to the true value of Table 4 ). But, the estimate at for the fault gouge permeability, the CO2 plume migrates much too slowly and no increase in gas saturation at MW200m is simulated. As a result, the gas saturation observation data have no contribution to the calibration of the parameters during the whole inversion, and the estimates are similar to those calibrated with only pressure transient data.
While the addition of gas saturation data helps constrain the model, the effect is mostly limited to the fault gouge permeability, which is expected since the CO2 plume mainly flows through the fault gouge. The accuracy of the inversion for the other parameters is actually worse, particularly for the matrix permeability at MW50m, and MW100m. Due to the insensitivity to this parameter, the difference between two successive iterations is too large, and the standard deviation of the estimate for the matrix permeability cannot be calculated, which leads to the termination of the inversion.
Overall, the added benefit from gas saturation data is surprisingly minor. The reason for this is apparent from the temporally limited contribution of gas saturation data. As shown in Table 3 and Fig. 7 for the base case, while the total sensitivity of pressure transient and gas saturation is similar to each other, the sensitivity of gas saturation is only observed at late times. To be more specific, the gas saturation is sensitive to the parameter only when the gas saturation varies. The sensitivity is zero until the CO2 plume reaches the monitoring well, and the sensitivity quickly drops once the gas saturation begins to plateau.
CO2 vs water as an agent for push-pull testing
This section discusses the effect of using CO2 as an agent for push-pull analysis instead of water. Fig. 6 shows the pressure transient at MW200m when water is used as an agent for the push-pull test, along with pressure transients from CO2 push-pull test. When water is injected, the pressure transient smoothly increases until it reaches ΔPi nj.
Similarly, when water is produced, the pressure transient is reduced down to ΔPwdraw. The whole system is a single-phase throughout the push-pull test (i.e., no multiphase flow effect and no buoyancy effect). Furthermore, compared to the CO2/water mixture, which has smaller transmissivity due to relative permeability effects and smaller diffusivitydue to larger compressibility, the pressure signal is transmitted quickly through the fault gouge.
To examine the effect of the agent for push-pull analysis on fault characterization, we attempt to calibrate the fault gouge permeability using ΔPwat MW200m as described in the rather simple pressure transient during the water push-pull. On the other hand, the uncertainty in the multiphase flow parameters may make the calibration a highly illposed inverse problem. We try to invert the fault gouge permeability and two multiphase flow parameters (λrel p and P0) using pressure transients only and both pressure transient and gas saturation data. In general, the fault gouge permeability is most accurately estimated, and P0 is least accurately estimated. The addition of gas saturation data has little impact on improving the accuracy of the inversion, but instead worsens the overall accuracy of the estimated parameters.
Concluding remarks
To investigate the feasibility of using pressure transient during CO2 push-pull tests for EGS characterization, we have developed a 2D model with a single fault zone and simulated pressure transient data during the CO2 push-pull test into the fault. The injected CO2 mostly flows upward through the fault gouge, a core of the fault zone, because the fault gouge has the biggest transmissivityby over two orders of magnitude.
As a result, the pressure transient mainly reflects the gouge properties, such as permeability and outer edge condition. Our study shows that the pressure transient is most sensitive to the fault gouge permeability. Consequently, the fault gouge permeability is most accurately estimated using the pressure transient data for inverse modeling. We also found that the local change in pressure at monitoring locations far above the injection point can be larger than the injection-induced pressure change at the injection well. This phenomenon occurs because of the gas column formed by the CO2 and its lower density relative to brine. In short, the top of the gas column exerts its pressure on the water column in the fault zone above, and the associated overpressure exerted can be much larger than the injection overpressure itself.
Another interesting finding is that the pressure transient is strongly influenced by multiphase flow conditions, which arise when injected CO2 forms a phase separate from water in the fault. The pressure transient is more complicated than the case with water as an agent for push-pull testing because both transmissivity and pressure diffusivity are sensitive to relative permeabilities, which in turn are sensitive to both gas saturation and the parameters of the relative permeability functions (Table 1) .
Therefore, we suggest that site characterization should be done during a first water push-pull experimental phase. While such sensitivity to multiphase flow effects is desirable for improving the accuracy of site characterization, at this time the typical lack of knowledge of multiphase flow model parameters effectively limits the accuracy of the parameters characterization. 
